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Abstract: Crystalline rare-earth (RE) carbonates having large particle size were prepared from the lixivium of weathered crust elution-depos-
ited rare-earth ores using the precipitation method with ammonium bicarbonate as the precipitant. Their chemical composition was studied us-
ing elemental and thermogravimetric analyses (TGA), and their structure and morphology were characterized using Fourier transform infrared
(FTIR) spectroscopy, X-ray diffraction (XRD), and scanning electron microscopy (SEM). The results demonstrate that the crystalline rare-
earth carbonate is a hydrated basic carbonate or oxycarbonate and not astable intermediate carbonate in the process of thermal decomposition.
The particle size of crystalline rare-earth carbonates with large particle size is in the range of 50-200 pm. With an RE,O; content of up to
95wt%, the quality of crystalline rare-earth carbonates is higher compared to the Chinese National Standard (GB/T 28882-2012). The quality

of the product is superior to the Chinese National Standard.
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1. Introduction

The weathered crust elution-deposited rare-earth ores are
reported in China [1] and constitute the primary resources of
mid-heavy rare-earth (RE) elements in the world [2-3]. The
rare-earth element in the ores is primarily found in the form
of ions adsorbed on clay minerals [4], which can be leached
using an electrolyte solution such as (NH,),SO, and NH,CI
[5-6]. The weathered crust elution-deposited ore is a type of
clay mineral that co-exists with other elements and is charac-
terized by complex components and relatively low-grade
RE,O;. After leaching, using a solution of ammonium
sulfate, the complex components are contained in the lixivi-
um, a result of the electrolyte leaching [7]. Therefore, the
composition of rare-earth lixivium is extremely complex and
except for a low concentration of RE*", usually contains cer-
tain impurities such as (NH,),SO, (~2000 mg/L), AI** (~1000
mg/L), Fe’* (~100 mg/L), and Ca** (~1000 mg/L), along with
a small amount of Fe*", Pb**, and Mn?", including the remain-
ing lixiviants [8-9].

The extraction of rare-earth elements from this type of lix-
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ivium is achieved either by a chemical precipitation process
or a non-precipitation process [10]. The process of extracting
rare-earth elements from this type of lixivium, a common in-
dustry practice, is usually a chemical precipitation process
with ammonium bicarbonate used as the precipitant, which
includes washing, filtering, and drying and results in the
forming of a rare-earth carbonate [11-13].

However, these precipitation technologies are complic-
ated, tedious, and reagent-consuming [14], and the solid-li-
quid separation process is difficult. The impurities are co-
precipitated with rare-earth elements and result in the low
quality of the products, while the rare-earth yield is low [15].
Recently, the resources of weathered crust elution-deposited
rare earth ores become poorer and the impurity in the ores be-
comes more complicated, therefore the content and the com-
plexity of impurity in lixivium is constantly increasing [16].
The crystalline rate-earth carbonates are the well-crystallized
precipitation of rare-earth carbonates using some kind pre-
cipitation process. The crystalline rare-earth carbonate with
large particle size has the advantages of high product purity,
good filterability, ease in washing, and high yield. However,
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normal RE carbonate is a precipitate of amorphous structure.
The precipitate is characterized by bad filterability, the
product purity is low, and it is difficult to wash [17]. There-
fore, the preparation of a crystalline rare-earth carbonate with
large particle size from the lixivium of such a complexity is
of considerable interest [18].

The preparation of crystalline rare-earth carbonates has
been the object of previous studies [19]. The preparation of
crystalline mixed rare-earth carbonates has been studied us-
ing Mg(HCO;), as the precipitant [ 18]. Moreover, the prepar-
ation of crystalline rare-earth carbonate from the lixivium of
weathered crust elution-deposited rare earth ores has been
studied [20]. Note that the preparation of crystalline rare-
earth carbonates with large particle size from the lixivium of
weathered crust elution-deposited rare earth ores using am-
monium bicarbonate as the precipitant constitutes a new ap-
proach.

The precipitation processes of crystalline rare-earth car-
bonates with large particle size can increase the precipitating
rate of rare-earth elements and the purity of the rare-earth
product, which is practically beneficial for producing rare-
earth elements and can constitute the ammonium bicarbonate
method as a widely applied approach [20]. This is in accord-
ance with the development trend of green chemistry.

2. Experimental
2.1. Characterization of the lixivinm
The primary chemical components of the lixivium

samples are listed in Table 1. REO is the rare-earth ores.

Table 1. Chemical components of the lixivium samples

mg-L™
K Mg Ca Al Fe Mn
156 16.8 83.2 9.10 1.73 5.95
Pb Zn Si pH (NH,4),S04 REO
5.85 0.48 11.5 4.95 4.95 2150

The impurities affect both the rare-earth precipitating rate
and the consumed precipitant and the purity of the RE car-
bonate product, particularly because of the failure of forming
a crystalline RE precipitate. The formation of the crystalline
RE carbonate is significantly affected by lixivium’s compon-
ents [21].

The partitioning of rare-earth elements in lixivium has
been determined by Jiangxi Analytical and Testing Center,
Nanchang, China, using inductively coupled plasma mass
spectrometry (ICP-MS, SCIEX ELAN 9000 type) [22]. The
result of the analysis is shown in Table 2.

Table 2. Partitioning of rare-earth elements in the lixivium [22] wt%
L3203 CCOZ Pr601 1 Nd203 Sm203 EUZO3 Gd203 Tb407
1.56 0.085 0.65 3.20 242 0.50 4.48 0.95
Dy203 H0203 EI'203 Tm203 Yb203 LUQ03 Y203
6.90 1.56 4.33 0.55 3.48 0.50 68.94

As shown in Table 2, the partitioning of rare-earth ele-
ments in lixivium primarily contains middle rare earth
(MRE) and heavy rare earth (HRE) elements.

2.2. Experimental procedure

The experimental procedure is as follows. Firstly, 50 mL
of rare-earth lixivium was stirred continuously in the reactor
and dropped on to an aliquot of ammonium carbonate solu-
tion at room temperature. The whiter rare-earth carbonates
precipitations can form by adding an appropriate amount of
crystallization nucleus and laid overnight. The rare-earth car-
bonate precipitation particle is gradually becoming larger.
This behavior is typical of the crystalline process [23].

In this experiment, to optimize the process of rare-earth
carbonation, the precipitation conditions include the follow-
ing: the rare-earth contents in lixivium of 0.3 g/L, the con-
centration of ammonium bicarbonate of 2wt%, the stirring
speed of 300 r/min, the precipitation reaction temperature of
60°C, and addition of crystal seed of 0.4 g/L. Finally, after
precipitation, the products must be laid overnight.

Furthermore, the precipitation was separated by filtration,

washed with ion exchange water, and dried at 105°C for
more than 2 h. The large-sized particles and the crystalline
shape of rare-earth carbonate can be obtained by strictly con-
trolling the optimal precipitation process conditions such as
the stirring intensity, the precipitation reaction temperature,
the reactant ratio ((NH4HCO;)/[REO] molar ratio), the con-
centration of rare-earth elements, the impurity content, and
the amount of crystal seeds added.

2.3. Analytical methods

The content of rare-earth elements in lixivium was de-
termined by EDTA (ethylenediamine tetraacetic acid) volu-
metric titration methods: a-benzoin oxime was used to pre-
cipitate heavy metal ions, acetylacetone was used to mask
aluminum ion, ascorbicacid was used to reduce ferric iron to
ferrous iron, and sulfosalicylic acid was used to mask ferrous
iron. For using hexamethylenetetramine as a buffer and xy-
lenol-orange as an indicator, titration with EDTA was used to
analyze the concentration of rare-earth elements [22]. The
content of rare-earth ore in the crystalline RE carbonate
product was determined by the gravimetric method of oxalic
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acid precipitation, according to the national standard [24].
The impurity of the crystalline RE carbonate product was de-
termined by the spectrophotometry method using o-phenan-
throline, chromazurine, and silicomolybdic-blue [25]. The
rare-earth partitioning of the ore samples was determined us-
ing inductively coupled plasma mass spectrometry
(ICP-MS) [22]. Moreover, the thermogravimetric (TG) ana-
lysis of the crystalline rare-earth carbonate was performed on
a TG209F3Tarsus® thermal gravimetric analyzer (NETZ-
SCH TG 209F3, NETZSCH, Germany) at a heating rate of
10°C/min, temperature ranging from room temperature to
800°C, and a dynamic air flow of 60 mL/min. The crystal-
line rare-earth carbonate sample mass was 1.2218 mg, which
was placed in corundum crucibles and heated. All the re-
cords were corrected using the baseline subtraction (a run
without samples under the same conditions).

2.4. Characterization methods

The crystalline rare-earth carbonates were characterized
by a Fourier transform infrared spectrometer (FTIR, Nicolet
FTIR-7600, Nicolet Co., Ltd.). The test specimens were pre-
pared using the KBr-disk method with thin (>20 mg/m?),
lightly loaded (<1%), KBr-supported (KBr, spectroscopy
grade) discs. The FTIR spectra were obtained at a resolution
of 4 cm™ over the range between 4000 and 400 cm ™.

An X-ray diffraction analysis (XRD) of the samples was
performed using a powder X-ray diffractometer (Shimadzu
XRD-7000, Shimazu, Japan) at a room temperature with
scanning step of 0.1° in the 26 range of 10°-80° (Cu K, 1
monochromator camera radiation). The scanning electron
microscope (SEM) images of the crystalline rare-earth car-
bonates were determined by Jiangxi academy of sciences
analysis and test center with JSM-6460LV.

3. Results and discussion

3.1. Solution chemistry and precipitation reaction of am-
monium bicarbonate and RE*

When ammonium bicarbonate was dissolved in water, hy-
drolysis and ionization occurred in the solution; the equilibri-
um of which can be described as follows [26]:

NH,HCO; & NH} + HCO; (1)
NH; +H,0 & NH; -H,0 + H* 2)
[NH3]-[H"] _10
L= - 54%10 3
NH; [NH,] X (3)
HCO; +H,0 & H,CO5 +OH~ 4)
[H,COs]-[OH™] 7
Ky=——2 " 2 -35x10 5
A [HCO;] % )
H,CO; & HCO; +H* (6)
[HCO5]-[H] 7
Ki=—2 —1-42x%10 7
"= T H,CO,] @
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HCO; & CO3 +H* ®)
[COT]-[H']
Ky=—F7""—"7—
[HCO3]
Ammonium bicarbonate, which is formed by both a weak
acid and base, can be ignored in the solution because it can

easily hydrolyze in water. The total concentration of am-
monium in water is as follows:

2HCO; & CO; +H,CO; (10)
where @, @,, and @, are the molar fractions of each com-
ponent in the ammonium solution:
_[cor) [COT] _
 T[HCO;] ~ [CO]+[HCO;] +[H,COs]s
KK,
[H*]* + K, [H*] + K, K,
Ki[H"]
[H*]* + K [H"] + K, K,
[H]*
[H*]* + K, [H* ]+ K, K,
Fig. 1 shows the @—pH diagram of the water solution of
carbonic acid system with K; and K.

=56x%x107" ©)

(11)

(12)

1=

(13)

h =

100

2 4 6 8 10 12 14
pH value
Fig. 1. &-—pH diagram of carbonic acid system.

As shown in Fig.1, ammonium bicarbonate exists as CO3~
in water only at a high pH value. The precipitation reaction of
rare-earth ions (RE’") with ammonium bicarbonate is ex-
pressed as follows [7]:

2RE* +3HCO; = RE,(COs), | +3H* (14)

H*+HCO; =CO, T +H,0 (15)
Combining the above two equations confirms the follow-

ing:

2RE* +6HCO; = RE,(CO3); | +3CO, 1 +3H,0  (16)

Although the precipitate produced by the ammonium bi-
carbonate with RE ions is the normal carbonate, sometimes
the basic carbonate may be formed because the carbonate
tends to hydrolyze during precipitation. The formation tend-
ency of the basic carbonate increases with increase in the
atomic number [27].
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Note that lixivium is characterized by fewer impurities
and when concentration of rare-earth elements ranges
between 0.1 and 0.5 g/L, crystalline rare-earth carbonates
[REy(CO;);-7H,0] with large particle size can be obtained
under certain precipitation reaction conditions, namely, a pH
value of 5-8, a temperature of 40—70°C, a raw material ratio
of 1:0.8-1:16, stirring speed of 300-500 1/min, and an addi-
tion of crystal seed used as a guiding agent. These precipita-

tion conditions favor the growth of large particle size crystals.

3.2. XRD analysis of the crystalline rare-earth carbonate

Fig. 2 shows the X-ray powder diffraction (XRD) pattern
of'the rare-earth carbonate precipitate [28]. As shown in Fig. 2,
the diffraction peaks of the XRD pattern of the crystalline
rare-carth carbonate are very high; its peaks are narrow and
long, which indicates that the crystallization of the products is
better, the crystalline form is perfect, and the structure of the
crystal grain is larger [29]. The characteristic position and in-
tensity of XRD peaks are consistent with that of Y,(COs);
(JCPDS NO. 24-1419). The product was in a pure crystalline
phase. It has confirmed the crystalline rare-earth carbonate as
Ln,(CO;);-nH,0. Therefore, the crystalline rare-earth car-
bonate has lesser crystalline surface energy, which means
lower adsorption of impurities ions and which makes filter-
ing and washing easier [30].

400

350 + —RE,(CO;),
300 +

250 +

227.27

200

154.61

145.44
126,32

150

Intensity / counts

115.34
122.69

100

50

JCPDS NO. 24-1419
A 1l 1

\ ‘ L1
1 1

10 20 30 40 50 60 70 80
20/ )

0

Fig. 2. XRD pattern of the crystalline rare-earth carbonate
with a large particle size.

3.3. SEM analysis of the crystalline rare-earth carbonate
with large particle size

Fig. 3 shows the SEM image of the crystalline rare-earth
carbonate with large particle size. As shown in Fig. 3, the
crystalline rare-earth carbonates particles are shown as the
aggregation of multiple needle-shaped particles [31]. The
particle size of the crystalline RE carbonates is estimated in
the range of 50-200 pum, which indicates large size particles.
This behavior is attributed to the effect of removing the im-
purities from the lixivium and to the fact that the concentra-

tion of rare-earth elements is relative to a dilute solution, un-
der a certain optimization of the precipitation conditions,
namely, pH, temperature, raw material ratio, stirring speed,
and addition of crystal seed as a guiding agent. It is easy to
filter when there are particles of large size and a crystalline
shape [32].

Fig. 3. SEM image of the crystalline rare-earth carbonates
with large particle size.

3.4. FTIR analysis of the crystalline rare-earth carbonate

Fig. 4 shows the FTIR spectra of the crystalline rare-earth
carbonate. Fig. 4 shows that the broad absorption band of
~3401 cm', corresponding to O-H stretching and H-O-H
bending vibrations, was present, which may be attributed to
the water adsorbed in the surface [33]. The strong broad ab-
sorption band peaks at 1511 and 1418 cm™" are the character-
istic absorption peaks of COj3 stretching vibration for
RE,(CO;);'7H,0. The emergence of three peaks at 837.1,
761.2, and 687.4 cm ™' is attributed to the bending vibration of
the -CO}™ group. The characteristic absorbance bands at
~595.9 cm ™' indicate the RE-O stretching vibration. This in-
frared spectrum characteristic confirms that the target mo-
lecule is RE,(COs);-7H,0.

100
e 80
E
§ 60
E
g 40
E_4
20+ RE,(CO,),-7H,0
O 1 1 1 1 1 1 1
4000 3500 3000 2500 2000 1500 1000 500
Wavenumbers / cm™
Fig. 4. FTIR spectra of the crystalline rare-earth carbonate

with large particle size.

3.5. Thermal decomposition features of rare-earth car-
bonates with large particle size

Thermal decomposition of the crystalline rare-earth car-
bonates with large particle size was investigated using ther-
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mogravimetry [34]. Fig. 5 shows the thermogravimetric (TG)
analysis from room temperature to 800°C.

100
=
90 =
o &
X <
= 2
o 22}
= g
70 =
20
o
=
60
1 1 1 1 1 1 1 -5
100 200 300 400 500 600 700 800
Temperature / °C
Fig. 5. Thermogravimetric plot of the crystalline rare earth

carbonates with large particle size.

Fig. 5 also shows that the primary stages of thermal de-
composition of the crystalline rare-earth carbonate in air are
as follows [35]:

(1) At 50-150°C, dehydration of the crystalline rare earth
carbonate:

RE,(CO;); - 7TH,0 = RE,(CO3); + 7TH,O (17)

(2) At 607°C, decomposition of the anhydrous rare-earth
carbonate:

RE»(CO;); = RE,0; +3CO, (18)

The lowest DTG (Derivative thermogravimetry) value ob-

Int. J. Miner. Metall. Mater., Vol. 27, No. 11, Nov. 2020

tained at 607°C shows the decomposition peak value. This
point refers to the highest weight loss rate and signifies the
decomposition of the anhydrous rare-earth carbonate.

3.6. Chemical composition and quality of the crystalline
rare-earth carbonates

The elements of crystalline rare-earth carbonates have
been subjected to chemical analysis and their chemical com-
positions are shown in Table 3.

Table 3. Chemical compositions of the crystalline rare-earth

carbonates with large particle size wt%
Value type RE,O; CO, H,O
Calculated 51.03 23.59 22.52
Measured 49.50 22.65 21.62

Note: The average molecular weight of rare-earth elements is
126.74, which is in accordance with the analysis of the rare-earth
partition.

The data in Table 3 show that the chemical composition of
the crystalline rare-earth carbonates is RE,(CO;);-7H,O and
that the precipitates products are target molecules [36]. When
the crystalline rare-earth carbonates have been heated at
800°C for 2 h, the REO products are formed as REO. The
product quality of the latter was analyzed according to the
Chinese National Standard of rare-earth carbonate of ion-ab-
sorpted type rare-earth ore (GB/T 28882-2012) [37]; it is
shown in Table 4.

Table 4. Quality of the crystalline rare earth carbonate with large particle size products wt%
Sample No. REO SiO,/REO Fe,O3;/REO AlL,O3;/REO Soj‘ Ammonia-N Loss on ignition
193212A >92 <0.5 <0.2 <l1.5 <0.5 <0.2 <75
REO 95.64 0.3 0.17 0.81 0.49 0.10 50.14

The data in Table 4 show that the quality of products of
crystalline rare-earth carbonate is superior compared to the
Chinese National Standard (GB/T 28882-2012). With con-
tent of ammonia-N being <0.2wt%, it is shown that the pre-
cipitate products are normal RE carbonates rather than am-
monium and rare-earth carbonate compounds.

However, although the precipitation of crystalline rare-
earth carbonates with large particle size has many advant-
ages and the traditional chemical precipitation method has
many disadvantages, industrial production still uses the latter
because of its easiness in operation.

4. Conclusion

Crystalline rare-earth carbonates with a large particle size
were prepared using the precipitation method from the lixivi-
um of weathered crust elution-deposited rare-carth ores us-
ing ammonium bicarbonate as the precipitant. The chemical

composition was studied by elemental analysis and thermo-
gravimetry analysis. Note that both structure and morpho-
logy were characterized using FTIR, XRD, and SEM. The
results show that the crystalline rare-earth carbonates have
crystalline shape and large particle size, which is advantage-
ous to the separating, filtering, and washing stages of the pro-
cess. Furthermore, crystalline rare-earth carbonates contain
less number of impurities, which is advantageous for redu-
cing the precipitant consumption. The quality of the products
of the crystalline rare-earth carbonates with large particle size
was better than the Chinese National Standard (GB/T
28882-2012), with an RE,O; content up to 95wt%.
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